Putative hybridization gap in CaMn$_{2}$Bi$_{2}$ under applied pressure by Piva, M. M. et al.
Putative hybridization gap in CaMn2Bi2 under applied pressure
M. M. Piva,1, 2, ∗ S. M. Thomas,2 Z. Fisk,3 J.-X. Zhu,2 J. D. Thompson,2 P. G. Pagliuso,1 and P. F. S. Rosa2
1Instituto de F´ısica “Gleb Wataghin”, UNICAMP, 13083-859, Campinas, SP, Brazil
2Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
3Department of Physics and Astronomy, University of California, Irvine, California 92967
(Dated: July 24, 2019)
We report electrical transport measurements on CaMn2Bi2 single crystals under applied pressure.
At ambient pressure and high temperatures, CaMn2Bi2 behaves as a single-band semimetal hosting
Ne´el order at TN = 150 K. At low temperatures, multi-band behavior emerges along with an
activated behavior typical of degenerate semiconductors. The activation gap is estimated to be
∆ ∼ 20 K. Applied pressure not only favors the antiferromagnetic order at a rate of 0.40(2) K/kbar,
but also enhances the activation gap at 20 kbar by about 70 %. This gap enhancement is typical
of correlated narrow-gap semiconductors such as FeSi and Ce3Bi4Pt3, and places CaMn2Bi2 as a
Mn-based hybridization-gap semiconductor candidate. Ab initio calculations based on the density
functional theory are shown to be insufficient to describe the ground state of CaMn2Bi2.
I. INTRODUCTION
Layered compounds with partially filled d- or f - shells
often display emergent ground states, such as uncon-
ventional superconductivity, complex magnetic and elec-
tronic order, and non-Fermi-liquid behavior [1–3]. A
notable recent example is given by the iron-based su-
perconductors, which crystallize in a layered tetrago-
nal structure and host unconventional superconductivity,
electronic nematicity, and different types of magnetism
[4–8]. Remarkably, when Fe is replaced with Mn, some
of these materials crystallize in the hexagonal Ce2SO2-
type structure with Mn-Pn (Pn = P, As, Sb, and Bi)
layers that resemble the Fe-As layers. In fact, Mn sites
in the hexagonal structure also display tetrahedral sym-
metry, as shown in Figure 1(a), but the Mn layers form
a puckered honeycomb lattice instead of a square net
(Fig. 1(b)).
In spite of these structural variations, the physical
properties of the compounds AMn2Pn2 (A = Ca, Sr,
Ba, and Eu), usually antiferromagnetic semiconductors,
are generally affected by the pnictide size [9, 10]. For
instance, BaMn2Pn2 members crystallize in a tetragonal
structure and show a trend of decreasing antiferromag-
netic transition temperature (TN ) with increasing Pn
size, but no clear trend is seen in the energy gap (∆)
[10–13]. By replacing Ba with Sr or Ca, these materials
crystallize in the hexagonal structure mentioned above.
SrMn2Pn2 compounds show no clear trend in TN , but
∆ increases with Pn size [10, 11, 14]. Interestingly, the
opposite trend is observed in CaMn2Pn2 members: ∆
decreases with increasing Pn size [14, 15].
In particular, CaMn2Bi2 displays an antiferromagnetic
order at 150 K with magnetic moments lying in the
honeycomb plane [16]. At ambient pressure, CaMn2Bi2
has been reported to be a narrow-gap semiconductor
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with extremely large magnetoresistance [16, 17]. At
high temperatures, electrical resistivity measurements
display metallic behavior, interpreted as the result of a
strongly temperature dependent mobility [16]. At low T ,
CaMn2Bi2 displays an activated behavior with ∆ ∼ 20 K
and a nonlinear Hall resistivity. Band-structure calcula-
tions suggest that one of the 3d5 Mn electrons strongly
hybridizes with the Bi p bands giving rise to a hybridiza-
tion gap. The other d electrons remain localized giving
rise to an ordered moment of 3.85 µB at 5 K [16]. In tetra-
hedral symmetry, Mn2+ ions in a high-spin state could
in fact support this scenario with one t2g orbital (xy) be-
ing more susceptible to hybridization. Moreover, angle-
resolved photoemission spectroscopy (ARPES) experi-
ments observed Mn-pnictide hybridization in BaMn2As2
and BaMn2Sb2 [18].
Applied pressure presents an ideal tuning parameter
to test this framework. Typically, application of exter-
nal pressure increases orbital overlap without introduc-
ing disorder in the system. If the small transport gap
in CaMn2Bi2 were due to band structure of uncorrelated
electrons, pressure thus should promote a metallic state
[19]. However, if CaMn2Bi2 is indeed a hybridization gap
semiconductor, the band gap could increase as a function
of pressure as the hybridization between Mn 3d and con-
duction electrons increases, akin to Ce3Bi4Pt3 and FeSi
under pressure [20–22]. In contrast, if the Mn 3d ions
become more localized with increasing pressure, the hy-
bridization gap can decrease as a function of pressure
similar to SmB6 under pressure [23]. Therefore, electri-
cal transport experiments under pressure are useful to
answer whether CaMn2Bi2 is a hybridization gap semi-
conductor and to shed light on the evolution of its anti-
ferromagnetic order and semiconducting gap.
Here we report electrical and Hall resistivity experi-
ments under pressures to 20 kbar. Our data show that
TN increases at a rate of 0.4 K/kbar and the semiconduct-
ing gap is also enhanced with applied pressure, reaching
∼ 40 K at 20 kbar. Our results support the scenario
in which CaMn2Bi2 is a hybridization gap semiconduc-
tor candidate. Ab initio calculations, however, cannot
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2describe the ground state of CaMn2Bi2.
II. EXPERIMENTAL AND COMPUTATIONAL
DETAILS
Single crystals of CaMn2Bi2 with typical size 2 mm x
1 mm x 1 mm were synthesized by the metallic flux tech-
nique with starting compositions Ca:Mn:Bi = 1.1:2:8.
The mixture of elements was heated in a quartz tube
under vacuum to 1100◦C at 75◦C/h, kept there for 4
hours and then cooled at 10◦C/h to 500◦C, at which
temperature the tube was centrifuged to remove the
Bi excess. The synthesized phase was checked by x-
ray diffraction and energy-dispersive x-ray spectroscopy
(EDX) resulting in lattice parameters a = 4.636(2) A˚
and c = 7.635(4) A˚ and 1.0(1):2.0(1):2.0(1) stoichiom-
etry, respectively. A picture of a typical single crystal
is displayed in the inset of Fig. 1(c). Magnetic suscep-
tibility was measured in a commercial Quantum Design
MPMS. The specific heat was measured using a commer-
cial Quantum Design PPMS small mass calorimeter that
employs a quasi-adiabatic thermal relaxation technique.
Electrical (ρxx) and Hall resistivity (ρxy) were measured
in the (011) plane in their standard four-probe config-
urations. The crystal orientation was determined by a
rocking curve measurement using a Cu Kα x-ray diffrac-
tometer. All transport experiments were performed in a
commercial Quantum Design PPMS with magnetic fields
applied along the [011] direction and perpendicular to
the current. Pressures up to 20 kbar were generated in
a self-contained double-layer piston-cylinder-type Cu-Be
pressure cell with an inner-cylinder of hardened NiCrAl.
Daphne oil was used as the pressure transmitting medium
and lead as a manometer.
The band structure of CaMn2Bi2 was determined from
ab initio calculations based on the density functional the-
ory by using the plane-wave basis set and the projector
augmented-wave method [24] as implemented in the Vi-
enna simulation package (VASP) code [25]. We applied
both the standard spin-polarized generalized gradient
approximation exchange-correlation functional according
to the Perdew-Burke-Ernzerhof (PBE) [26] parametriza-
tion, and a modern nonlocal, range-separated, screened
Coulomb potential hybrid density functional as proposed
by Heyd, Scuseria, and Ernzerhof (HSE06) [27]. Spin-
orbit coupling was included and a 500 eV energy cut-off
was used to ensure the convergence of the total energy to
0.1 meV. The experimentally determined antiferromag-
netic state was also considered and the Brillouin zone was
sampled with 136 k-points in the irreducible wedge.
III. RESULTS AND DISCUSSION
Figure 1(c) displays the magnetic susceptibility, χ(T ),
of CaMn2Bi2 as a function of temperature at µ0H =
0.1 T. At high temperatures, χ(T ) is virtually temper-
FIG. 1: (a) Comparison between the crystalline structure of
CaMn2Bi2 and BaFe2As2. (b) c-axis view of the crystalline
structure of CaMn2Bi2 and BaFe2As2. (c) Magnetic suscepti-
bility as a function of temperature. The inset shows a picture
of a typical single crystal. (d) Cp/T as a function of tem-
perature. The inset shows Cp/T as a function of T
2, at low
temperatures.
ature independent, as typically found in similar com-
pounds with strong antiferromagnetic correlations [14,
28]. An inflection at 150 K marks TN followed by a
small Curie tail at low temperatures suggesting the pres-
ence of a small amount of impurities. Figure 1(d) dis-
plays the specific heat, Cp(T )/T , as a function of tem-
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FIG. 2: (a) ρxx(T ) for several pressures. The inset shows the
antiferromagnetic transition. (b) Natural logarithm of ρxx
as a function of 1/T . The red lines are the extrapolation of
linear fits. Panels (c) and (d) show the pressure evolution of
TN and ∆, respectively.
perature. A clear peak at high temperatures confirms
TN = 150 K. At low temperatures, the extrapolation of
Cp(T )/T vs T
2 to T = 0 K provides an electronic coeffi-
cient of γ = 0.5(1) mJ/mol.K2. Although this coefficient
is expected to be zero in an intrinsic semiconductor, a
finite γ may be observed when donor or acceptor levels
are present. In fact, the prototypical hybridization gap
semiconductor Ce3Bi4Pt3 displays γ = 3.3 mJ/mol.K
2
[20].
Figure 2(a) shows the temperature dependence of the
electrical resistivity, ρxx(T ), at different applied pres-
sures. At high temperatures, ρxx(T ) decreases with de-
creasing temperature, which was previously associated
with an increase in the mobility rather than a metal-
lic behavior [16]. However, these data could be also
explained by a semimetallic picture. As we will dis-
cuss later, the carrier density at high temperatures is
∼ 1018 holes/cm3, typical of semimetals. Moreover, a
decrease in the Hall coefficient with temperature is also
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FIG. 3: (a) ∆(T ) for several pressures. (b) Carrier mobility as
a function of temperature. (c) ln(ρxx) as a function of T
−1/4.
(d) ρxx as a function of ln(T ).
consistent with a semimetal behavior, bismuth being a
classic example [29].
As temperature is further decreased, a kink in ρxx(T )
signals the onset of TN at around 145 K (inset of
Fig. 2(a)). Below TN , ρxx(T ) decreases rapidly, likely
due to the reduced magnetic scattering in the ordered
state. Under applied pressure, TN increases, reaching a
maximum of 154 K at 20 kbar. We note that, at ambient
pressure, TN is slightly lower than TN = 150 K previ-
ously reported [16, 17] due to an essentially pressure-
independent temperature gradient between the sample
and the thermometer. Our crystals measured outside the
pressure cell show similar TN values as in Refs. [16, 17].
At low temperatures and ambient pressure (T 6 65 K),
ρxx(T ) increases with decreasing temperature. Applying
pressure to CaMn2Bi2 enhances this semiconducting-like
behavior. As a result, the activation gap extracted from
linear fits (from 35 K to 55 K) of an Arrhenius plot,
ln(ρxx) =ln(ρ0) + ∆/T , displays a linear increase as a
function of pressure (Fig. 2(b)). Figures 2(c) and (d)
display a summary of the behavior of TN and ∆ as a
function of pressure, respectively. The T − P phase dia-
4gram obtained from our data reveals an increase in TN as
a function of pressure at a rate of 0.40(2) K/kbar. More-
over, the activation energy (∆) increases from ∼ 20 K to
∼ 40 K at 20 kbar with a slope of 0.80(2) K/kbar.
We note, however, that the gap value is an estimation
and should be taken with caution. First, T is greater
than ∆/kB in the temperature range used for the fits
and, therefore, the apparent value of the gap cannot be
taken at face value. Further, Fig. 3(a) presents the acti-
vation energy as a function of temperature, which was ex-
tracted by taking the first derivative of the data displayed
in Fig. 2(b). At higher temperatures, the extracted gap
is temperature dependent and increases with decreasing
temperature. This result may be an indication that the
Fermi level is changing with temperature, characteristic
of extrinsic semiconductors, or due to the changes in the
lattice parameters caused by thermal contraction, as seen
in Ce3Bi4Pt3 [30]. Therefore, the gap extracted from our
transport measurements may not be the intrinsic gap of
the material, and spectroscopic measurements are neces-
sary. Moreover, we extracted the carrier mobility (µH)
by performing ρxy measurements as a function of temper-
ature with an applied field of 5 T and then by dividing
it by ρxx and 5 T. µH first increases below TN due to a
reduction in spin-disorder scattering and then decreases
with decreasing temperature (Fig. 3(b)), suggesting that
impurity conduction is taking place [31] or that the lo-
calization and/or the Kondo scattering are increasing.
As a result, a possible scenario is the presence of
variable-range hopping conduction, as disorder may play
a significant role at low temperatures (T 6 20 K) due
to the presence of in-gap states [15, 32]. In fact, we can
fit the resistance below 10 K to ρxx(T ) = ρ0e
(T0/T )
1/4
,
as displayed in Fig. 3(c). We note that T0 increases
with pressure, even though a more metallic-like ground
state is expected under applied pressure, as observed
in the manganites LaMnO3+δ and Nd0.62Pb0.38MnO3−δ
[33, 34]. This result indicates that the localization radius
decreases with pressure in CaMn2Bi2. Another possibil-
ity is that, at low temperatures, Kondo scattering may
start to develop, but it is prevented from percolating and
forming a Kondo lattice due to the small carrier density
in this compound. Indeed, our low temperature data
can also be described by a ln(T/TK) Kondo behavior for
ρxx, as shown in Fig. 3(d). However, this is unlikely to be
the case, as CaMn2Bi2 presents a very small Sommerfeld
coefficient, which is not consistent with the presence of
Kondo scattering. Nevertheless, the increase of the acti-
vation energy as a function of pressure in an intermediate
temperature range, roughly from 35 K to 55 K, is similar
to that of Ce3Bi4Pt3 [32].
Figure 4 shows the Hall resistivity as a function of ap-
plied field for several pressures at three different temper-
atures. At high temperatures, ρxy is linear with field
at all pressures (Figs. 4(a) and (b)). This linear re-
sponse indicates the presence of one dominant type of
carrier (holes in this case) and that the compound can
be treated as a single band system. By performing lin-
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FIG. 4: (a) ρxy as a function of applied magnetic field for
several pressures at 200 K (b) 100 K and (c) 10 K, the red
lines are two-band model fits. The inset shows the c exponents
of allometric fits.
ear fits in this regime, we extracted a carrier density n
of 9.8(1) × 1017 holes/cm3 at 5 kbar and 200 K, which
reaches 1.1(1)× 1018 holes/cm3 at 20 kbar. At 100 K, n
is nearly constant as a function of pressure with a value
of 8.5(1) × 1017 holes/cm3. At T = 10 K, however, the
Hall resistivity is nonlinear already at ambient pressure,
and this non-linearity is enhanced by the application of
external pressure (Fig. 4(c)). To better visualize the evo-
lution of the Hall resistivity curvature as a function of
pressure, we have performed allometric fits (y = a+ bxc)
to all curves. The inset of Fig. 4(c) shows the value of
the exponent c as a function of pressure, which confirms
the pressure-independent linear behavior of the Hall re-
sistivity at high temperatures, both above and below TN .
5FIG. 5: (a) DFT-PBE electronic band structure calculations. (b) Electronic band structure calculations considering the HSE06
functional.
At 10 K, however, applied pressure is responsible for an
increase of the c exponent by 25 % at 20 kbar.
The observed non-linearity in ρxy suggests multi-band
effects. In fact, our data can be fit to a two-band model,
ρxy(B) =
B
e
(nhµ
2
h − neµ2e) + (nh − ne)µ2eµ2hB2
(nhµh + neµe) + [(nh − ne)µeµhB]2 (1)
where n and µ are the carrier density and the mobility,
respectively, for holes (h) and electrons (e). Represen-
tative fits are shown as solid lines in Fig. 4. We note
that this fit is under constrained. However, for the fit to
converge, the carrier densities need to be nearly identical,
regardless of the values chosen for the mobilities, suggest-
ing that CaMn2Bi2 is nearly compensated at T = 10 K.
We note that this compensation could be responsible for
the extremely large magnetoresistance reported recently
in Ref. [17]. Nevertheless, we also note that these fits
may not be unique and should be taken with caution,
especially because there are no experimental constraints
on the carrier densities and mobilities obtained from, for
example, quantum oscillation measurements.
Finally, we discuss the band structure of CaMn2Bi2
from first-principles calculations. As shown in Fig. 5(a),
the obtained DFT-PBE band structure agrees with a
previous calculation with a full-potential linearized aug-
mented plane-wave method [16]. However, there is
a slight energy overlap between valence and conduc-
tion bands, which suggests that CaMn2Bi2 presents a
semimetallic behavior. As shown in Fig. 5(b), the HSE06
functional opens a semiconducting band gap of 0.5 eV
(5800 K), which is much larger than the experimental
extracted excitation gap (∼ 20 K). These discrepancies
indicate that independent of the functional DFT is not
the most appropriate approach to evaluate the ground-
state of correlated CaMn2Bi2 and DFT+DMFT calcula-
tions are required. In fact, DFT+DMFT calculations in
related Mn pnictides LaMnPO and BaMn2As2 reveal a
large Hund’s coupling (∼ 1 eV) as well as a large on-site
Coulomb repulsion (∼ 8 eV) owing to the half-filled Mn
d shell. This suggests that 3d5 Mn pnictides are more
correlated than their iron 3d6 analogs [28]. Moreover, re-
cent experiments on CsFe2As2 and NaFe1−xCuxAs2 in-
dicate that a Fe 3d5 configuration leads to a more corre-
lated, insulating state that competes with superconduc-
tivity [35, 36].
In most materials, the application of external pressure
tends to favor metallic behavior, increasing the hybridiza-
tion between local states and conduction electrons [19].
Our results, however, show that the application of exter-
nal pressure in CaMn2Bi2 has the opposite behavior, and
the low temperature resistivity is enhanced. We argue
that this behavior is consistent with CaMn2Bi2 being a
hybridization gap semiconductor: the Mn 3d-conduction
electron hybridization is enhanced by the application of
external pressure, leading to a larger hybridization gap
and favoring a more insulating-like behavior. This sce-
nario agrees with a tetrahedral crystal field scheme in
6which the t2g xy orbitals hybridize more strongly with
conduction electrons. Polarized ARPES measurements
would be valuable to provide a direct confirmation of
this scenario. Microscopic experiments, such as nuclear
magnetic resonance, would be useful to investigate the
evolution of the Mn 3d hybridization as a function of
pressure. Finally, optical measurements will be key to
directly probe the activated gap value.
IV. CONCLUSIONS
We report electrical and Hall resistivity experiments in
antiferromagnetic CaMn2Bi2 single crystals under pres-
sures to 20 kbar. At high temperature, CaMn2Bi2 be-
haves as a single-band semimetal, whereas it displays a
nonlinear response of the Hall resistivity at low temper-
atures. Our data suggest that CaMn2Bi2 is an extrinsic
narrow-gap semiconductor with a putative activation gap
of 20 K. The application of external pressure increases TN
at a rate of 0.40(2) K/kbar, and enhances the extracted
gap to ∼ 40 K at 20 kbar, consistent with the picture of
a hybridization driven gap. Furthermore, band structure
calculations predict the presence of a 0.5 eV (5800 K) gap
considering the HSE06 functional. The large discrepancy
between the calculated gap and the experimentally ob-
served one (∼ 20 K) indicates that DFT is not suitable
to evaluate the ground-state of CaMn2Bi2. Performing
DFT+DMFT calculations may improve the agreement
between experimental and theoretical results.
V. ACKNOWLEDGMENTS
We would like to acknowledge constructive discus-
sions with C. Kurdak, F. Malte Grosche, F. Ron-
ning, Yongkang Luo, and M. F. Hundley. This
work was supported by the Sa˜o Paulo Research Foun-
dation (FAPESP) grants 2015/15665-3, 2017/25269-3,
2017/10581-1, CAPES and CNPq, Brazil. Work at Los
Alamos was performed under the auspices of the U.S.
Department of Energy, Office of Basic Energy Sciences,
Division of Materials Science and Engineering. P. F. S. R.
acknowledges support from the Laboratory Directed Re-
search and Development program of Los Alamos National
Laboratory under project number 20180618ECR. Scan-
ning electron microscope and energy dispersive X-ray
measurements were performed at the Center for Inte-
grated Nanotechnologies, an Office of Science User Facil-
ity operated for the U.S. Department of Energy (DOE)
Office of Science. The electronic structure part of the
work was supported by the U.S. DOE BES E3B5.
[1] J. D. Thompson and Z. Fisk, Progress in Heavy-Fermion
Superconductivity: Ce115 and Related Materials, J.
Phys. Soc. Jpn. 81 011002 (2012).
[2] J. Paglione and R. L. Greene, High-temperature super-
conductivity in iron-based materials, Nat. Phys. 6 645
(2010).
[3] Q. Si, R. Yu and E. Abrahams, High-temperature su-
perconductivity in iron pnictides and chalcogenides, Nat.
Rev. Mat. 1 16017 (2016).
[4] R. M. Fernandes, A. V. Chubukov and J. Schmalian,
What drives nematic order in iron-based superconduc-
tors?, Nat. Phys. 10 97 (2014).
[5] F. Wang, S. A. Kivelson and D.-H. Lee, Nematicity and
quantum paramagnetism in FeSe, Nat. Phys. 11 959
(2015).
[6] H. Baek, D. V. Efremov, J. M. Ok, J. S. Kim, J. van
den Brink and B. Buchner, Orbital-driven nematicity in
FeSe, Nat. Mat. 14 210 (2015).
[7] M. G. Kim, A. Kreyssig, A. Thaler, D. K. Pratt, W.
Tian, J. L. Zarestky, M. A. Green, S. L. Bud’ko, P. C.
Canfield, R. J. McQueeney and A. I. Goldman, Antifer-
romagnetic ordering in the absence of structural distor-
tion in Ba(Fe1−xMnx)2As2, Phys. Rev. B 82 220503(R)
(2010).
[8] P. F. S. Rosa, C. Adriano, T. M. Garitezi, M. M. Piva,
K. Mydeen, T. Grant, Z. Fisk, M. Nicklas, R. R. Ur-
bano, R. M. Fernandes and P. G. Pagliuso, Possible un-
conventional superconductivity in substituted BaFe2As2
revealed by magnetic pair-breaking studies, Sci. Rep. 4
6252 (2014).
[9] V. K. Anand and D. C. Johnston, Metallic behavior
induced by potassium doping of the trigonal antiferro-
magnetic insulator EuMn2As2, Phys. Rev. B 94 014431
(2016).
[10] N. S. Sangeetha, V. Smetana, A.-V. Mudring, and
D. C. Johnston, Antiferromagnetism in semiconducting
SrMn2Sb2 and BaMn2Sb2 single crystals, Phys. Rev. B
97 014402 (2018).
[11] S. L. Brock, J. E. Greedan, and S. M. Kauzlarich, Re-
sistivity and Magnetism of AMn2P2 (A = Sr, Ba): The
Effect of Structure Type on Physical Properties, J. Solid
State Chem. 113 303 (1994).
[12] Y. Singh, A. Ellern and D. C. Johnston, Magnetic, trans-
port, and thermal properties of single crystals of the lay-
ered arsenide BaMn2As2, Phys. Rev. B 79 094519 (2009).
[13] B. Saparov and A. S. Sefat, Crystals, magnetic and
electronic properties of a new ThCr2Si2-type BaMn2Bi2
and K-doped compositions, J. Solid State Chem. 204 32
(2013).
[14] N. S. Sangeetha, A. Pandey, Z. A. Benson and D. C.
Johnston, Strong magnetic correlations to 900 K in sin-
gle crystals of the trigonal antiferromagnetic insulators
SrMn2As2 and CaMn2As2, Phys. Rev. B 94 094417
(2016).
[15] J. W. Simonson, G. J. Smith, K. Post, M. Pezzoli, J.
J. Kistner-Morris, D. E. McNally, J. E. Hassinger, C.
S. Nelson, G. Kotliar, D. N. Basov and M. C. Aronson,
Magnetic and structural phase diagram of CaMn2Sb2,
Phys. Rev. B 86 184430 (2012).
[16] Q. D. Gibson, H Wu, T. Liang, M. N. Ali, N. P. Ong, Q.
Huang and R. J. Cava, Magnetic and electronic proper-
ties of CaMn2Bi2: A possible hybridization gap semicon-
7ductor, Phys. Rev. B 91 085128 (2015).
[17] N. Kawaguchi, T. Urata, T. Hatano, K. Iida and H.
Ikuta, Nonmonotonic and anisotropic magnetoresistance
effect in antiferromagnet CaMn2Bi2, Phys. Rev. B 97
140403(R) (2018).
[18] W-L. Zhang, P. Richard, A. van Roekeghem, S.-M. Nie,
N. Xu, P. Zhang, H. Miao, S.-F. Wu, J.-X. Yin, B. B.
Fu, L.-Y. Kong, T. Qian, Z.-J. Wang, Z. Fang, A. S.
Sefat, S. Biermann, and H. Ding, Angle-resolved pho-
toemission observation of Mn-pnictide hybridization and
negligible band structure renormalization in BaMn2As2
and BaMn2Sb2, Phys. Rev. B 94 155155 (2016).
[19] A. K. McMahan, Pressure-induced changes in the elec-
tronic structure of solids, Physica B 139-140, 31 (1986).
[20] M. F. Hundley, P. C. Canfield, J. D. Thompson, Z. Fisk
and J. M. Lawrence, Hybridization gap in Ce3Bi4Pt3,
Phys. Rev. B 42 6842(R) (1990).
[21] J. C. Cooley, M. C. Aronson and P. C. Canfield, High
pressures and the Kondo gap in Ce3Bi4Pt3, Phys. Rev.
B 55 7533 (1997).
[22] J. M. Tomczak, Thermoelectricity in correlated narrow-
gap semiconductors, J. Phys.: Condens. Matter 30
183001 (2018).
[23] N. Emi, N. Kawamura, M. Mizumaki, T. Koyama, N.
Ishimatsu, G. Prista`sˇ, T. Kagayama, K. Shimizu, Y. Os-
anai, F. Iga and T. Mito, Kondo-like behavior near the
magnetic instability in SmB6: Temperature and pres-
sure dependences of the Sm valence, Phys. Rev. B 97
161116(R) (2018).
[24] P. E. Blochl, Projector augmented-wave method, Phys.
Rev. B 50 17953 (1994).
[25] G. Kresse and J. Furthmuller, Efficient iterative schemes
for ab initio total-energy calculations using a plane-wave
basis set, Phys. Rev. B 54 11169 (1996).
[26] J. P. Perdew, K. Burke and M. Ernzerhof, Generalized
Gradient Approximation Made Simple, Phys. Rev. Lett.
77 3865 (1996).
[27] J. Heyd, G. E. Scuseria and M. Ernzerhof, Erratum:
“Hybrid functionals based on a screened Coulomb poten-
tial” [J. Chem. Phys. 118, 8207 (2003)], J. Chem. Phys.
124 219906 (2006).
[28] D. E. McNally, J. W. Simonson, K. W. Post, Z. P. Yin, M.
Pezzoli, G. J. Smith, V. Leyva, C. Marques, L. DeBeer-
Schmitt, A. I. Kolesnikov, Y. Zhao, J. W. Lynn, D. N.
Basov, G. Kotliar, and M. C. Aronson, Origin of the
charge gap in LaMnPO, Phys. Rev. B 90, 180403(R)
(2014).
[29] J. P. Michenaud and J. P. Issi, Electron and hole trans-
port in bismuth, J. Phys. C: Solid State Phys. 5 3061
(1972).
[30] G. H. Kwei, J. M. Lawrence, P. C. Canfield, W. P. Beyer-
mann, J. D. Thompson, Z. Fisk, A. C. Lawson, and J. A.
Goldstone, Thermal expansion of Ce3Bi4Pt3 at ambient
and high pressures, Phys. Rev. B 46 8067 (1992).
[31] K. Seeger, Semiconductor Physics - An Introduction, 9th
Edition (Springer, Vienna, 2004).
[32] M. F. Hundley, P. C. Canfield, J. D. Thompson and Z.
Fisk, Substitutional effects on the electronic transport of
the Kondo semiconductor Ce3Bi4Pt3, Phys. Rev. B 50
18142 (1994).
[33] R. Laiho, K. G. Lisunov, E. La¨hderanta, M. L. Shub-
nikov, Yu P. Stepanov, P. A. Petrenko, A. Khokhulin
and V. S. Zakhvalinskii, Variable-range hopping con-
ductivity and structure of density of localized states in
LaMnO3+δ under pressure, J. Phys. Condens. Matter 18
10291 (2006).
[34] K. Khazeni, Y X Jia, Vincent H Crespi, L Lu, A
Zettl and Marvin L Cohen, Pressure dependence of
the resistivity and magnetoresistance in single-crystal
Nd0.62Pb0.30MnO3−δ, J. Phys.: Condens. Matter 8 7723
(1996).
[35] F. Eilers, K. Grube, D. A. Zocco, T. Wolf, M. Merz, P.
Schweiss, R. Heid, R. Eder, R. Yu, J.-X. Zhu, Q. Si, T.
Shibauchi, and H. v. Lo¨hneysen, Strain-Driven Approach
to Quantum Criticality in AFe2As2with A = K, Rb, and
Cs, Phys. Rev. Lett. 116 237003 (2016).
[36] Y. Song, Z. Yamani, C. Cao, Y. Li, C. Zhang, J. S. Chen,
Q. Huang, H. Wu, J. Tao, Y. Zhu, W. Tian, S. Chi, H.
Cao, Y.-B. Huang, M. Dantz, T. Schmitt, R. Yu, A. H.
Nevidomskyy, E. Morosan, Q. Si, and P. Dai, A Mott
insulator continuously connected to iron pnictide super-
conductors, Nat. Comm. 7 13879 (2016).
